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I. Introduction
In the previous paper, 1 a mechanism consisting of 114 reactions was proposed to account for the production and consumption of the various gas-phase species in the chemical vapor deposition of silicon carbide, starting from methyltrichlorosilane (MTS). In the present work, the transition states and associated barrier heights, as well as minimum energy reaction paths, are considered. Some of the reactions in this network have been studied previously. Gordon et al. studied the thermal decomposition pathways of ethane using the MP4/6-311G(d,p)// HF/6-31G(d) method 2 and concluded that the cleavage of the C-C bond was the most kinetically favored decomposition reaction path with an 85 kcal/mol energy barrier at 0 K. The direct 1,2-elimination of hydrogen has a much larger 130 kcal/ mol barrier, even though it is thermodynamically favored. Jensen et al. studied the C 2 H 4 f C 2 H 2 + H 2 reaction at the MP4/6-311+G(d,p)//MP2/6-31G(d) level of theory. 3 Two pathways were proposed. One involves the formation of ethylidene (CH 3 -CH) and the other involves the formation of vinylidene (CH 2 C) as an intermediate. A direct 1,2-elimination pathway of H 2 from ethylene was not found. Allendorf et al. studied various reaction pathways related to the decomposition of MTS using MP4/6-31G(d,p)//HF/6-31G(d) with empirical bond additivity corrections (BAC). 4, 5 Their results suggest that Si-C bond cleavage, C-H bond cleavage, and 1,2-elimination of HCl are the predominant decomposition pathways of MTS at 800-1500 K. However, consecutive reactions after MTS decomposition are not discussed in their papers.
Diau et al. studied the CH 3 + C 2 H 2 reactions theoretically. 6 They found that CH 3 + C 2 H 2 f CH 3 CHdCH is the primary reaction at <1300 K. At temperatures >1400 K and atmospheric pressure, CH 3 + C 2 H 2 f CH 3 CCH + H becomes the major reaction pathway. Hase et al. calculated the energy barrier for the C 2 H 4 + H f C 2 H 5 reaction using the UMP2, QCISD, and MRCI methods with various basis sets. 7 They also calculated the reaction rate constants, which agreed well with experimental values. [8] [9] [10] [11] [12] Liu et al. studied C 2 H 3 + CH 4 f C 2 H 4 + CH 3 and C 2 H 3 + C 2 H 6 f C 2 H 4 + C 2 H 5 using the G2//MP2 and G2//QCISD methods. 13 They obtained the rate constants using transition state theory (TST) and canonical variational transition state theory (CVT) and concluded that C 2 H 3 + C 2 H 6 f C 2 H 4 + C 2 H 5 was faster than C 2 H 3 + CH 4 f C 2 H 4 + CH 3 at 200-3000 K. Wu et al. applied the CCSD(T) method to investigate the potential energy surface of H + CH 4 f H 2 + CH 3 and predicted its rate constant with an accuracy comparable to that of experiments. 14 They also found that rate constants predicted by transition state theory are reasonably accurate at temperatures above 500 K. However, the effect of tunneling becomes nontrivial at temperatures below 400 K.
Wittbrodt and Schlegel studied the thermal decomposition of dichlorosilane and obtained estimated QCISD(T)/6-311++G-(3df,3pd) energies for reactants, products, and transition states by assuming additivity of basis set and correlation corrections. 15 The preferred decomposition pathway was found to be SiH 2 -Cl 2 f SiHCl + HCl with a 70.8 kcal/mol barrier at 298 K, 1.9 kcal/mol lower than that of SiH 2 Cl 2 f SiCl 2 + H 2 . Walch et al. investigated the thermal decomposition pathways and rate constants for silane, chlorosilane, dichlorosilane, and trichlo-rosilane, using CCSD(T) energies extrapolated to the complete basis set limit at CASSCF/cc-pVDZ geometries. 16 They also studied reactions of SiCl 2 and SiHCl with H and Cl atoms using the same method. 17 Their classical barrier heights (kcal/mol) related to this paper are SiH 2 Cl 2 f SiHCl + HCl (74.8), SiH 2 -Cl 2 f SiCl 2 + H 2 (77.2), SiHCl 3 f SiCl 2 + HCl (72.7), SiHCl + H f SiH + HCl (13.5), SiHCl + Cl f SiH + Cl 2 (2.0), and SiCl + HCl f SiHCl 2 (32.4) . The SiHCl + H f SiCl + H 2 and SiHCl + Cl f SiCl + HCl reactions are predicted to be barrierless.
Despite several previous studies of C-H-Si-Cl, C-H, and H-Si-Cl systems, the present work is the first electronic structure theory study that thoroughly investigates all reactions during and after the decomposition of MTS in the gas-phase that may have a significant effect on the gas-phase composition during the SiC CVD process and/or on the concentration of the major species that account for the deposition and growth of silicon carbide.
II. Computational Details
Geometries, harmonic vibrational frequencies, and zero point energies of all transition state structures have been obtained at the unrestricted MP2 (UMP2) 18 level of theory with the augcc-pVDZ basis set. 19, 20 Transition state structures have one imaginary frequency, determined by computing and diagonalizing the matrix of energy second derivatives (Hessian). Minimum energy path (MEP) calculations were performed to confirm that the located transition state structures connect the expected reactants and products. The partition functions were calculated within the harmonic oscillator/rigid rotor approximation, at temperatures ranging from 0 to 2000 K. Single-point energies were obtained at these geometries using MP2/aug-ccpVTZ 19, 20 and CCSD(T)/aug-cc-pVDZ. CCSD(T)/aug-cc-pVTZ single point energies were estimated by assuming additivity of basis set and correlation corrections:
All of the MP2 calculations were done with the GAMESS suite of codes. 21 CCSD(T)/aug-cc-pVTZ singlet point calculations were performed using the ACES package. 22 Structures, vibrational frequencies, and minimum energy paths were visualized with the aid of MacMolPlt. 23 
III. Results and Discussion
In the preceding paper, a 114-reaction mechanism was proposed to account for the gas-phase chemistry of SiC CVD started from MTS and H 2 as feeding gas. 1 In the present work, 41 reactions have been determined to have no well-defined transition state (TS) by the following means. First, bondbreaking reactions without significant reconstruction of electronic structure are assumed to have no well-defined transition state. For example: CH 3 SiCl 3 f CH 3 + SiCl 3 simply breaks a C-Si bond to form two radical fragments. Second, rate expressions have been obtained from others previous research. Constant reaction rate expression within a wide temperature range often suggest the reaction has no well-defined transition state, such as 3 CH 2 + CH 3 f C 2 H 4 + H 24 and 3 CH 2 + 3 CH 2 f C 2 H 2 + H 2 24 . Third, constrained geometry optimizations were performed to obtain approximate reaction paths that ensure that a reaction has no energy barrier. This approach provides indirect evidence that no transition state is present (for example, SiCl 3 f SiCl 2 + Cl). In the following discussion, these reactions will be referred to as having no transition state. Figure 1 illustrates key structural information in the TS region for the 73 transition states that were found. Each transition state is labeled with "TS" followed by an arbitrarily assigned number. The corresponding reactions can be found in the first columns of Tables 1-3 , which are labeled in a consistent way with the transition states in Figure 1 . MP2 and CCSD(T) energies and zero point energies (ZPE) of these transition states are tabulated in the Supporting Information. Tables 1-3 list forward and reverse enthalpies, entropies, and Gibbs free energies of activation, respectively, for the 73 reactions at 0-2000 K. The harmonic oscillator/rigid rotor approximation has been employed to construct the appropriate partition functions. Classical energy barriers have been obtained by calculating the estimated CCSD(T)/aug-cc-pVTZ energy difference between transition states and reactants or products at MP2/aug-cc-pVDZ geometries. Enthalpies of activation have been obtained by adding MP2/aug-cc-pVDZ ZPE and thermodynamic corrections at various temperatures to the classical barriers. Negative enthalpies of activation most likely occur due to their computation using single point CCSD(T) energies at MP2 structures. This could mean either that the TS location shifts at the higher level of theory or that the TS actually disappears at the higher level of theory. For very small classical barriers, it is also possible that the addition of ZPE is sufficient to reduce the enthalpy of activation to zero. Table 2 shows that a transition state often has a higher entropy than the reactant in unimolecular reactions but a lower entropy than reactants in bimolecular reactions. This is expected, because a transition state usually has a looser structure than a unimolecular reactant but tighter structure than the two bimolecular reactants. The Gibbs free energies of activation in Table 3 may be useful for future rate constant calculations using transition state theory.
Figures 2-6 illustrate five important potential energy surfaces. Gibbs free energies of minima and transition states are obtained in the following way: classical energies are estimated CCSD(T)/aug-cc-pVTZ energies (calculated using eq 1) at MP2/ aug-cc-pVDZ structures; ZPE and thermodynamic properties are calculated with MP2/aug-cc-pVDZ. Relative Gibbs free energies are given at 0 and 1400 K, because 1400 K is a typical SiC CVD temperature. The species with the lowest Gibbs free energy at 0 K is selected as the reference when relative Gibbs free energies are calculated. Note that Gibbs free energy barriers of the reactions without a transition state presented in this paper are assumed to be equal to the absolute values of the corresponding reaction free energies. More accurate free energies of activation of the reactions without TS will be obtained in a subsequent work by a means of free energy profiling along the minimal energy path. These five reactions are discussed in the following sub-sections.
A. Unimolecular Decomposition of CH 3 SiCl 3 . Eight unimolecular decomposition pathways are illustrated in Figure 2 . Three are simple bond-cleavage reactions with no transition states: CH 3 SiCl 3 f CH 3 + SiCl 3 , CH 3 SiCl 3 f CH 2 SiCl 3 + H, and CH 3 SiCl 3 f CH 3 SiCl 2 + Cl. The forward Gibbs free energies of activation for these three reactions (which correspond to the net reaction endothermicities) are 91.6, 101.1, and 108.4 kcal/mol at 0 K, respectively. However, at 1400 K, these free energies are reduced to 38.1, 51.4, and 61.1 kcal/mol, respectively. This significant decrease at 1400 K is mainly due to the entropy increase when CH 3 SiCl 3 dissociates. CH 3 SiCl 3 can also undergo 1,2-elimination of HCl to produce CH 2 SiCl 2 . The HCl elimination reaction has the lowest free energy of activation, 81.0 kcal/mol, among all eight MTS molecular elimination reactions at 0 K. However, the CH 3 SiCl 3 f CH 2 SiCl 2 + HCl free energy of activation is 36.6 kcal/mol higher than that for CH 3 SiCl 3 f CH 3 + SiCl 3 at 1400 K. So, CH 3 SiCl 3 f CH 2 SiCl 2 + HCl is not the primary reaction at high temperatures, because it has a tight transition state structure and therefore is not favored by entropic effects at high temperatures.
The fifth decomposition reaction of MTS is a three-centered Cl-shift reaction, in which a Cl atom shifts from Si to C along with Si-C cleavage to form CH 3 Cl and 1 SiCl 2 . This threecentered reaction has a 109.0 (100.9) kcal/mol forward free energy of activation at 0 (1400) K, higher than that for the HCl elimination reaction. a Classical energies are obtained at the estimated CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ level of theory. Zero point energies and partition functions are obtained at the MP2/aug-cc-pVDZ level of theory. and thermodynamically relative to the much more favored CH 3 -SiCl 3 f CH 3 + SiCl 3 dissociation reaction at temperatures in the range 0-2000 K.
Overall, the 1,2-HCl elimination reaction is the predominant MTS decomposition reaction at low temperatures. However, at typical SiC CVD temperatures, such as 1400 K, Si-C bond cleavage of CH 3 SiCl 3 becomes a competitive decomposition reaction pathway, followed by C-H and Si-Cl bond breaking reactions.
B. Potential Energy Surface of C 2 H 6 . C 2 H 6 can be formed from the association reaction of two CH 3 radicals, where CH 3 can be produced from the Si-C bond cleavage of MTS. Because, as noted above, the latter reaction is important in the MTS CVD, it is possible that dehydrogenation of C 2 H 6 might be a major source of the production of C 2 H 4 and C 2 H 2 in the gas phase. Figure 3 illustrates the various pathways for the reaction C 2 H 6 f C 2 H 4 + H 2 . The negative relative free energies of C 2 H 4 + H 2 at 1400 K is mainly due to the entropic effect. A C s symmetry constrained C 2 H 6 (e) f C 2 H 4 + H 2 reaction path was discussed by Gordon, Truong, and Pople. 2 Herein, C 2 H 6 -(e) refers to eclipsed ethane and C 2 H 6 refers to staggered ethane. A C 2 reaction path, starting from C 2 H 6 , has been found in this work. The forward barrier for C 2 H 6 f C 2 H 4 + H 2 is 122.9 (119.5) kcal/mol at 0 (1400) K, higher than that of C 2 H 6 (e) f C 2 H 4 + H 2 (113.5, 105.9 kcal/mol at 0, 1400 K). A third pathway to C 2 H 4 from C 2 H 6 consists of two consecutive reaction steps: C 2 H 6 f H + C 2 H 5 followed by C 2 H 5 f H + C 2 H 4 . C 2 H 6 f H + C 2 H 5 has no transition state, whereas C 2 H 5 f H + C 2 H 4 does have one (TS15). The predicted reverse activation free energy for C 2 H 5 f H + C 2 H 4 is 3.9 kcal/mol at 0 K, agreeing well with the previous predictions by Hase et al. 7 (4.6 kcal/mol by QCISD(T)/6-311+G(2df,p) and 4.8 kcal/mol by MRCI/TZP+F).
Overall, the two unimolecular decomposition reaction paths through transition states TS12 and TS13 and the two-step reaction C 2 H 6 f C 2 H 5 + H f C 2 H 4 + H 2 are the three major reaction paths for the production of C 2 H 4 at low temperatures. The two-step reaction has a significantly lower free energy barrier than the unimolecular reactions at 1400 K due to the entropic effect; hence it may play the most important role in the production of C 2 H 4 at CVD temperatures.
C. Potential Energy Surface of C 2 H 4 . The C 2 H 4 PES presented in Figure 4 is similar to that in a previous study by Jensen, Morokuma, and Gordon, 3 suggesting two indirect obtained in this work are expected to be useful for future work on predicting rate constants for the various gas-phase reactions during and after the decomposition of methyltrichlorosilane. This work also sheds light on the gas-phase chemistry of CVD that involves C-H, C-H-Cl, C-H-Si, Si-Cl, and other different C-H-Si-Cl molecular systems.
Despite the authors' efforts to select significant gas-phase reactions, it is still difficult to predict a small set of key elementary reactions that have nontrivial effects on the SiC CVD process. In a subsequent work, accurate rate constants of the studied reactions will be obtained by transition state theory (TST), variational transition state theory (VTST) via the POLYRATE code, 30 RRKM theory via the RRKM code, 31 and molecular dynamics simulation via the VENUS code 32 using the geometric, energetic, and thermodynamic data presented in this and the preceding paper. This will facilitate the narrowing of the reaction set on a sound basis and will be addressed in subsequent papers. Surface reactions that may be involved in the SiC CVD process will also be investigated. More comprehensive kinetic simulations that include both gas-phase and surface reactions and take into account the heat transfer and mass transfer would eventually provide a reaction set that best simulates the reality.
